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a  b  s  t  r  a  c  t
Spectral  dependent  charge  transfer  and  exciton  dissociation  have  been  investigated  at  hybrid  interfaces
between  inorganic  polycrystalline  CuInSe2 (untreated  and Na-conditioned)  thin  ﬁlms  and  organic  C60 as
well as zinc  phthalocyanine  (ZnPc)  layers  by transient  and modulated  surface  photovoltage  measure-
ments.  The  stoichiometry  and  electronic  properties  of  the  bare  CuInSe2 surface  were  characterized  by
photoelectron  spectroscopy  which  revealed  a  Cu-poor  phase  with  n-type  features.  After  the  deposition
of  the C layer,  a  strong  band  bending  at the CuInSe surface  was  observed.  Evidence  for  dissociation  ofeywords:
uInSe2
60
nPc
urface photovoltage
PS
60 2
excitons  followed  by charge  separation  was  found  at the  CuInSe2/ZnPc  interface.  The  Cu-poor  layer  at  the
CuInSe2 surface  was  found  to  be crucial  for transient  and  modulated  charge  separation  at CuInSe2/organic
hybrid  interfaces.
© 2016  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).PS
. Introduction
CuInSe2 is investigated as an absorber material in thin ﬁlm
olar cells due to its band gap of ∼1.0 eV, its p-type conductiv-
ty with an optimum charge carrier concentration in the range of
016–1017 cm3, its high absorption coefﬁcient of >105 cm−1, and
ts high chemical stability [1–3]. In addition, CuInSe2 can be eas-
ly alloyed by CuGaSe2 and thereby the absorber band gap can be
ncreased from ∼1.0 eV for CuInSe2 to ∼1.7 eV for CuGaSe2 [4].
y tuning the absorber band gap in this way, highest efﬁcien-
ies of 22.3% were achieved for solar cells with polycrystalline
u(In,Ga)Se2 absorbers with a Ga/(Ga + In) ratio of about 0.33–0.38
5,6]. Nevertheless, CuInSe2 is most suitable as an absorber in the
ottom cell of a two junction tandem device because of its band gap
f about 1.0 eV [7]. Early research on two junction tandem solar cells
ith a polycrystalline CuInSe2 bottom cell and an epitaxial GaAs
op cell for spacecraft applications showed efﬁciencies of 25.8% [8].
ote that the band gap of GaAs of 1.4 eV is not optimum for a twounction solar cell. Theoretical maximum efﬁciencies of 42% could
e achieved by using an absorber with a band gap of about 1.9 eV
n the top cell [7]. However, the choice of inorganic materials with
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/).such a band gap as well as appropriate electronic properties and low
cost manufacturing is limited. The rather new ﬁeld of hybrid photo-
voltaic devices enables a wide branch of combinations of inorganic
and organic semiconductors, opening the possibility to tune the
needed properties for the desired application.
In this work, we investigate the combination of the inorganic
p-type CuInSe2 semiconductor with the small organic molecules of
fullerene C60 acceptor and zinc phthalocyanine (ZnPc) donor semi-
conductors. ZnPc has the ﬁrst optical transition at approximately
1.9 eV, which coincides with the optimum required absorber band
gap in the top cell of the tandem device. In addition, ZnPc has a high
absorption coefﬁcient of about 5·104 cm−1 [9,10]. C60 has a band
gap of about 2.1–2.4 eV [11–13] showing a good transparency in a
wide range of the visible spectrum and thus opening the possibility
of its use as a buffer or a window layer in solar cells with CuInSe2.
Additionally, C60 is favorably used and already well investigated for
the application in organic bulk heterojunction solar cells including
those with ZnPc [14–17].
Our investigation is focused on the surface properties of poly-
crystalline CuInSe2 thin ﬁlms and their inﬂuence on the electronic
processes taking place at the CuInSe2/C60 and CuInSe2/ZnPc inor-
ganic/organic interfaces. We investigate the inﬂuence of differently
conditioned CuInSe2 thin ﬁlms (as-prepared and Na-treated) on
the dissociation of the high binding energy excitons generated in
organic layers. Note that in CuIn(Ga)Se2 absorber layers, sodium
is a standard ingredient to increase its p-type conductivity [18].
Thus, different band bendings and band alignments can be expected
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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Table  1
Speciﬁcation of samples and investigation methods. CIS denotes CuInSe2.
1 untreated 2 Na-treated 3 analysis
CIS CIS:Na XPS, UPS, SPV
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Fig. 1. Overview XPS spectra of CuInSe2 thin ﬁlms conditioned by sodium (CIS:Na)
and without sodium (CIS). The peak at 1072 eV originates from photoelectrons ofCIS/C60 CIS:Na/C60 SPV
CIS/ZnPc CIS:Na/ZnPc SPV
t organic/inorganic interfaces with non- and Na-treated CuInSe2
urfaces. The surface chemistry and electronic properties of the
uInSe2 thin ﬁlms were investigated by x-ray and ultraviolet
hotoelectron spectroscopies (XPS and UPS), respectively. The elec-
ronic processes at these interfaces, i.e., spectral dependent charge
ransfer and exciton dissociation at CuInSe2/C60 and CuInSe2/ZnPc
nterfaces were investigated by transient and modulated surface
hotovoltage (SPV) measurements.
. Experimental
The CuInSe2 layers were deposited by a conventional three stage
hysical vapor deposition process (PVD) which is described else-
here [19]. Soda lime glass coated with a sodium diffusion barrier
nd a 300 nm thick molybdenum layer was used as substrate. Prior
o the CuInSe2 deposition, half of the substrates were coated with
 12 nm thick NaF layer serving as a sodium source for the CuInSe2
ayer [20]. The deposited CuInSe2 layers (thickness: 1.7 m)  were
lightly copper poor and of p-type conductivity [19].The deposition
f C60 (MER, purity > 99%) and ZnPc (Alfa Aesar, additionally puri-
ed in house by two step sublimation) layers (thickness: 45 nm)
as performed by organic vapor phase deposition (OVPD, Aixtron)
21]. In addition, reference layers of C60 and ZnPc were deposited
n indium tin oxide (ITO)/glass substrates. Six differently prepared
uInSe2 samples were analyzed. The samples were sorted in two
roups: untreated and Na-treated, as shown in Table 1. The stoi-
hiometry, the surface work function, and position of the valence
and edge were determined for bare CuInSe2 samples. The SPV
pectra were measured for each sample. After the deposition of
uInSe2, the samples were transferred into a N2-ﬁlled glovebox for
torage. The prepared samples were transferred from the glove box
o the measurement set-ups in a specially designed transfer box.
XPS spectra were recorded upon excitation using a Mg  K radi-
tion source (energy 1253.6 eV) without a monochromator. As
eference for the peak position, the Au 4f peak was  measured for a
old foil and set to 84 eV [22].Detailed spectra of the Se 3d, In 3d,
u 2p, O 1s, C 1s and Na 1s lines were measured with a step width
f 0.05 eV. The resolution was related to the band width of the exci-
ation beam of 0.8 eV. The stoichiometry of the CuInSe2 layers near
he surface was obtained by using the following equation [23]:
A = IA/A ·(Ekin)·T(Ekin)·K, (1)
here NA is the amount of element A, IA is the area of the peak of
he core level A ﬁtted by a Voigt function, A is the cross section of
he core level A taken from Ref. [23], (Ekin) is the mean free path
f the photoelectrons (which deﬁnes the information depth ID:
D = 3 (Ekin)) with the kinetic energy Ekin obtained by the software
UASES-IMFP-TPP2M [24], T(Ekin) is the transmission function of
he analyzer, and the constant parameter K considers the photon
ux of the excitation beam, the angle of the photoelectron emission,
nd the area of excitation.
The work function and the difference between the valence
and edge and the Fermi energy of the CuInSe2 layers has been
etermined from UPS measurements with an excitation energy
f 21.2 eV (He I radiation). The Fermi level of gold was  set to the
inding energy of zero. The work function was obtained by sub-
racting the binding energy at the secondary electron cutoff from
he excitation energy.the Na 1s shell. In the inset, the core level Se 3d3/2 and 3d5/2, In 3d5/2 and Cu 2p3/2
XPS spectra and their Shirley background and Voigt ﬁts of the CIS:Na thin ﬁlms are
presented.
For investigation of the charge transfer at the hybrid interface,
modulated SPV spectroscopy in a ﬁxed capacitor arrangement [25]
was performed for all samples. In this conﬁguration, the capacitor
plates were given by the sample and a transparent SnO2:F coated
quartz electrode with a diameter of 6 mm.  The sample and the
electrode were separated by a thin mica sheet (∼30 m).  The trans-
parent electrode was  connected to a high impedance (500 MHz)
buffer. A quartz prism monochromator (SPM2) with a halogen
lamp was used for illumination. The light was  chopped at a fre-
quency of 8 Hz. The SPV-signal was recorded by a lock-in ampliﬁer
(EG&G5210). In a simpliﬁed model, the separated charges are con-
sidered on the two  plates of a parallel plate capacitor. Thereby the
SPV signal can be expressed by the following equation [26]:
SPV = Q (t)·d(t)/εrε0. (2)
Thus, the SPV signal depends on the time dependent charge Q(t),
the distance d(t) between charges, and the dielectric constant εr of
the sample. SPV is well suitable for our study because it is contact-
less, sensitive to charge distances up to a scale of few nanometers
[27] and thereby sensitive to charge transfer processes and the type
of charge states [28]. All SPV measurements were performed in
vacuum < 1·10−2 mbar.
3. Results and discussion
3.1. Stoichiometry of the CuInSe2 surface by XPS
Fig. 1 shows the survey XPS spectra of the two  CuInSe2 layers
with (blue line) and without (red line) sodium treatment. Com-
pared to the untreated CIS sample, the CIS:Na sample shows two
additional peaks with binding energies at 1072 eV and 266 eV (cor-
responding to a kinetic energy of 987 eV), which are attributed to
the photoelectron signal Na 1s and Auger signal Na KLL [29], respec-
tively, indicating the presence of sodium at the surface. The peaks
In 3d (445 eV), Se 3d (55 eV), Cu 2p (933 eV), Se 3p (162 eV), Cu LMM
(336 eV), In 3p (665 eV) and In MNN  (853 eV) are assigned to pho-
toelectron or Auger processes from the elements Cu, In and Se. The
additional peaks O 1s (530 eV) and C 1s (285 eV) arise from oxy-
gen and carbon containing adsorbates. The analysis of the chemical
shifts in the high resolution spectra of the C 1s and O 1s peaks (not
shown here) have revealed the presence of compounds with bind-
ing energies corresponding to In2O3, In(OH)3 and Na2CO3 as well as
other compounds with chemical bonds between oxygen and car-
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tig. 2. Stoichiometry diagram of the surface of samples CIS and CIS:Na plotted with
he  data obtained from the quantitative analysis of the XPS spectra.
on (e.g., C O , C O), hydrogen and carbon ( C H) or water
H2O). For the stoichiometry analysis the high resolution peaks In
d3/2 (445 eV), Se 3d (55 eV) and Cu 2p3/2 (933 eV) were ﬁtted by a
oigt function after subtracting a Shirley background as shown in
he inset of Fig. 1 for sample CIS:Na. In the case of Se 3d, the peak
ontains the two spin orbit components Se 3d3/2 and Se 3d5/2. The
nformation depths are of about 27 Å, 54 Å, and 75 Å for the Cu 2p3/2,
n 3d and Se 3d peaks, respectively. This gives an additional uncer-
ainty in the stoichiometry analysis since possible gradients in the
oncentrations are not considered. The stoichiometry points, inves-
igated at the surface of the two samples, are plotted in a ternary
hase diagram in Fig. 2. The stoichiometry of the surface of the
IS:Na and CIS samples were found to be very similar and close
o the copper poor phase CuIn3Se5 when considering the exper-
mental errors as shown in Fig. 2. This copper poor phase with a
atio of Cu/In ≈ 0.3 is usually found at the surface of the copper
oor grown (Cu/In < 1 in the bulk) chalcopyrite layers and has been
nvestigated intensively but is not yet entirely understood. In the
rst study by Schmidt et al., the copper poor phase was  interpreted
y the presence of an ordered vacancy compound (OVC) with the
toichiometry of CuIn3Se5 at the surface [22]. The OVC phase, which
riginates from the occupation of Cu-vacancies by In atoms, is sup-
osed to be of n-type with a band gap of about 1.2–1.3 eV [22,30,31].
ther explanations for the copper depletion at the CuInSe2 surface
efer to formation of an ordered defect compound (ODC) consist-
ng of charge neutral defect pairs 2V−Cu + In2+Cu [32] or a complete
epletion of Cu at the (112) surface in order to reduce the surface
nergy [33] which would also result in a ratio of Cu/In ≈ 0.3 in PES
easurements [34].
.2. CuInSe2 surface electronic properties by UPS
Fig. 3a shows the valence band edge and the secondary elec-
ron cutoff (Fig. 3b) recorded by UPS. The position of the valence
and relative to the Fermi level and the work function have been
etermined by linear ﬁts of the valence band edge and secondary
lectron cutoff, respectively. The valence band edge at the surface
as found below the Fermi level by 0.8 ± 0.1 eV for both samples.
his is slightly below the reported distances between the valence
and edge and Fermi level of the copper depleted CuInSe2 surface of
.9–1.0 eV [35,36]. Assuming the presence of an n-type OVC layer at
he surface with the same properties, a lower value of 0.8 eV would
ean a lower donor concentration (e.g. InCu) or a depletion leading
o an upwards band bending. Science 396 (2017) 366–374
The cutoff energies at 16.9 eV and 17.1 eV for the samples CIS and
CIS:Na correspond to work functions of 4.3 eV and 4.1 eV, respec-
tively. A broad shoulder corresponding to work functions between
1.5 eV and 4.3 eV was  observed for the sample CIS. We  suppose that
this broad shoulder is caused by adsorbates and unhomogenously
distributed surface dipoles. For the sample CIS:Na the shoulder with
the cutoff energy at 17.5 eV (corresponding to a work function of
3.7 eV) is attributed to sodium containing adsorbates like Na2CO3.
The determined work functions are far below reported work func-
tions for CuInSe2 with ∼5.2 eV [37–40] or CuIn3Se5 with ∼5.4 eV
[22,36,41]. The observed discrepancy can be explained by consid-
ering the inﬂuence of the adsorbates on the surface work function.
Due to the formation of surface dipoles by oxide containing adsor-
bates, the work function can be lowered by ∼700 meV  [40] and even
more with sodium containing adsorbates [37].
3.3. Electronic processes at the CuInSe2 surface by SPV
Fig. 4 shows the in phase signal of the modulated SPV measure-
ments of the bare CIS:Na (Fig. 4a) and CIS (Fig. 4b) samples. The
SPV signal of the sample CIS:Na is negative indicating an electron
drift towards the surface. In contrary, the signal of the sample CIS
is positive indicating an electron drift towards the CIS bulk. The
onsets of the SPV signals are at 0.85 eV and 0.9 eV for the samples
CIS:Na and CIS, respectively. These values lie in the range of previ-
ously reported band gaps for CuInSe2 of Eg = 0.81–1.04 eV [2]. Lower
band gaps are generally observed for CuInSe2 samples with a higher
acceptor concentration. Thus, we  conclude that the investigated
CIS:Na thin ﬁlm is characterized by a higher acceptor concentra-
tion. This result is in agreement with previous studies reporting an
increase of the acceptor concentration by sodium [18,42,43].
Fig. 5 shows the transient SPV measurements of the samples
CIS:Na (a) and CIS (b) carried out at the laser wavelengths of
1500 nm (0.82 eV) below the band gap energy and at 1100 nm
(1.13 eV), and 710 nm (1.74 eV) above the band gap energy of
CuInSe2. At the excitation wavelength of 1500 nm,  i.e., below the
CuInSe2 band gap energy, the sample CIS:Na shows a fast increase
to the SPV maximum of −22 mV  within 40 ns followed by a slow
decrease to zero within 0.5 ms.  The two transients at 1100 nm and
710 nm excitation wavelengths (above the band gap energy) show
a positive signal after 30 ns followed by a negative increase to
the maximum SPV signal of 35 mV  within 100 ns. The transients
decrease to zero within 0.1s. For the CIS sample, the transient at
1500 nm shows a fast positive increase to a value of 25 mV.  At
the same time, the transients at 1100 nm and 710 nm increase
to the maximum SPV value of 40 mV  within 30 ns followed by a
fast decrease (compared to CIS:Na transients) within 2 s. These
transients detect several competitive electronic processes in the
CuInSe2 layer. A fast increase to the maximum SPV signal within
the ﬁrst 30–40 ns is attributed to electronic processes caused by a
band bending at an interface or surface. Thus, in the CIS:Na sample
measured at the wavelength of 1500 nm,  the charge carriers (elec-
trons or holes) are excited from states within the band gap (e.g.,
from acceptor states) into the conduction band or valence band and
experience a strong drift due to the band bending. The band bending
must be downwards, because the SPV signal is negative and thus,
the electrons should drift towards the surface and holes should
drift towards the bulk. At excitation energies higher than 1.13 eV
(below wavelength of 1100 nm), the small positive signal within
30 ns indicates an electron drift towards the bulk (and/or a hole drift
towards the surface) due to a band bending upwards. The increase
to the negative SPV maximum points to two opposite processes:
(i) electrons (and/or holes) drift towards the surface (and/or bulk)
causing a negative SPV signal and (ii) electrons (and/or holes) drift
towards the bulk (and/or surface) causing a positive SPV signal. The
observed phenomena at different excitation energies, when both
N. von Morzé et al. / Applied Surface Science 396 (2017) 366–374 369
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nterpretation of the references to colour in this ﬁgure legend, the reader is referred
rocesses are caused by band bendings in opposite directions, can
e explained by considering the CuIn3Se5 OVC layer at the surface
f the investigated CuInSe2 thin ﬁlms.Based on the model of an n-type CuIn3Se5 OVC phase at the
uInSe2 surface [22,35,41,44], we propose the band diagrams in
ig. 6 for samples CIS:Na (a) and CIS (b). We  consider the band gapavelengths: 1500 nm (red line), 1100 nm (green line), and 710 nm (blue line). (For
e web version of this article.)
values of 0.85 eV and 0.9 eV for the CIS:Na and CIS bulk as deter-
mined from SPV measurements, respectively. The valence band
position of 0.8 eV below the Fermi level of the OVC surface layer
is taken from our UPS measurements. The valence band offset at
the CuInSe2/CuIn3Se5 interface is taken from Refs. [22,44] and is
considered as approximately the same for both CIS and CIS:Na sam-
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nces in the acceptor concentrations in the CIS:Na and CIS layers.
ote that for non-treated CuInSe2 thin ﬁlms acceptor concentra-
ions of 1014–1015 cm−3 were measured, while for CuInSe2 layers
reated by Na acceptor concentrations of 1016–1017 cm−3 have
een recorded [18]. This leads to a difference between the Fermi
evel and valence band of about 0.32–0.25 eV and 0.2–0.14 eV for
IS and CIS:Na layers, respectively. If we imagine the CuInSe2 and
uIn3Se5 phases as separate materials with the same valence band
ffsets for both samples and a difference between the Fermi level
nd the valence band edge of 0.8 eV in CuIn3Se5, the Fermi level
f the CuIn3Se5 surface layer would lie above the Fermi level of
IS:Na but below the Fermi level of the CIS sample. For materi-
ls in contact, at the CuInSe2/CuIn3Se5 interface an accumulation
f the holes at the CIS surface area and a depletion at the CIS:Na
urface region is expected, hence leading to signals of opposite
igns. Thus for sample CIS:Na (Fig. 6a), we propose a band bending
ownwards at the CuInSe2/CuIn3Se5 interface on the CuInSe2 side
nd a band bending upwards at the CuIn3Se5 surface due to sur-
ace states (e.g., adsorbates). At lower excitation energies, charge
arriers will be excited in the CuInSe2 bulk giving rise to a fast neg-
tive SPV signal due to the band bending downwards. At higher
xcitation energies, additional charge carriers will be generated in
he CuIn3Se5 surface layer, causing a positive signal due the band
ending upwards at the surface. For the CIS sample in Fig. 6b, a fast
ositive SPV signal was measured for excitation energies below and
bove the band gap. This is attributed to a band bending upwards
t the CuInSe2/CuIn3Se5 interface on the CuInSe2 side and a band
ending upwards at the CuIn3Se5 surface. For electrons drifting
owards the CuInSe2 bulk, a high recombination rate is expected
s they represent minority charge carriers. This is in agreement
ith the fast decrease of the transients for CIS samples.
.4. Spectral dependent electronic processes at CuInSe2/C60 and
uInSe2/ZnPc interfaces by SPV
Fig. 7 shows the modulated SPV measurements of the CuInSe2
ayers coated by a thin ZnPc ﬁlm (CIS:Na/ZnPc (a) and CIS/ZnPc
b)) together with the SPV spectra of the bare CuInSe2 layers (dot-
ed line) and the SPV spectra of ITO covered with a thin ZnPc ﬁlm
ITO/ZnPc, thin green line). Because ITO does not show any SPV
ignal [45], we conclude that the signal from the ITO/ZnPc sample
riginates from the ZnPc ﬁlm and will serve therefore as reference.
he spectrum of the ITO/ZnPc sample shows an absorption region
etween 1.4–2.5 eV with two peaks at energies of 1.75 eV and 2 eV
hich are attributed to excitation processes in the Q-band of ZnPc.
he Q-band splits into two peaks at 1.75 eV and 2.0 eV. The higher
nergy peak can be attributed to the  → * (a1u to eg) transition
n the phthalocyanine microcycle [10] and the lower energy peak
o the excitonic transition [46] or vibrational conditions [47,48].b) samples with copper depleted surfaces.
The SPV spectrum of the CIS:Na/ZnPc sample (Fig. 7a) shows at
1.1 eV (where the bare CIS:Na sample exhibits a maximum value
of −4.5 mV)  only a value of 1.1 mV.  At 1.4 eV a second maximum
appears which can be attributed to an absorption in the ZnPc layer.
For the CIS/ZnPc sample (Fig. 7b), the SPV signal is also smaller
than the signal of the bare CIS layer. Compared to the tendency
observed on the CIS specimen, the spectrum of the CIS/ZnPc sample
shows an additional feature in the absorption region of the ZnPc
layer.
Fig. 8 shows the transient SPV measurements of the samples
CIS:Na/ZnPc and CIS/ZnPc at the wavelengths 1500 nm, 1100 nm,
and 710 nm.  For sample CIS:Na/ZnPc, a small negative signal
appears at the excitation wavelength of 1500 nm. At 1100 nm the
SPV transient increases to a positive maximum of 30 mV  within
30 ns and then decreases to a negative maximum of −25 mV  within
300 ns. This fast positive increase followed by a decrease to a
negative maximum resembles the transient of bare CIS:Na at the
wavelengths of 1100 nm and 710 nm.  In comparison to the sam-
ple CIS:Na, the positive signal of the sample CIS:Na/ZnPc is more
pronounced. This indicates a higher band bending upwards at the
CuIn3Se5/ZnPc interface on the CuIn3Se5 side. The transient at
710 nm increases to a negative maximum of −80 mV within 350 ns.
Because 710 nm (1.74 eV) is in the maximum absorption region of
ZnPc, the strong negative increase indicates an exciton dissociation
at the CuIn3Se5/ZnPc interface followed by a hole injection in the
CuInSe2 layer.
The transient of the CIS/ZnPc sample at 1500 nm shows a fast
positive increase followed by a fast decrease of the SPV signal. This
behavior is similar to that of the transients observed for the CIS
sample and is therefore also in this case attributed to an excitation
of charge carriers in the CuInSe2 bulk and a drift of electrons inside
the bulk due to an upward band bending at the CuInSe2/CuIn3Se5
interface (Fig. 6b). The transient at the wavelength 1100 nm also
shows a fast positive increase which is followed by a decrease
to a negative maximum. The transient at 710 nm shows a similar
behavior with that main difference that the positive signal becomes
smaller and the negative signal larger. In analogy to CIS:Na/ZnPc,
this can be attributed to an absorption in the ZnPc layer followed
by a dissociation of the excitons at the CuIn3Se5/ZnPc interface.
Fig. 9 shows the modulated SPV measurements of the CuInSe2
layers covered with a thin ﬁlm of C60 (CIS:Na/C60 (a) and CIS/C60
(b)) together with the spectra of the bare substrates (dotted lines)
as well as of the reference sample ITO/C60 (green thin line). Sample
C60/ITO shows an onset of the SPV signal at 1.5 eV and two maxima
at 1.9 eV and 2.30 eV. These peaks can be attributed to a forbidden
transition between the HOMO (hu) and LUMO (t1u) states and an
allowed transition from the HOMO and the next non occupied state
(t ) [49–52], respectively.1g
The SPV signal of the sample CIS:Na/C60 shows a maximum of
40 mV  at 1.1 eV which is about ten times higher compared to the
maximum SPV signal of the bare CIS:Na sample. In the absorption
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Fig. 9. Modulated SPV measurements o
egion of C60 between 1.5 eV and 4.0 eV, no SPV signal resem-
ling the proﬁle of the signal from the reference ITO/C60 sample is
bserved. Thus, it can be concluded that the photogenerated charge
arriers do not originate from dissociation at the hybrid interface
f the excitons generated in C60.For the CIS/C60 sample, the maximum value of the peak at 1.1 eV
f 10 mV  is by one third smaller than that of the peak recorded from
he CIS sample. At 1.5 eV the spectrum becomes negative and shows
 similar tendency as the spectrum of C60/ITO.nergy (eV)
samples CIS:Na/C60 (a) and CIS/C60 (b).
The transient SPV measurements of the samples CIS:Na/C60
(a) and CIS/C60 (b) are shown in Fig. 10. The transient of sam-
ple CIS:Na/C60 at 1500 m shows a negative increase up to 50 mV.
The transients at 1100 nm and 710 nm show the same trend with
a fast increase to a maximum value of around −160 mV  within
30 ns, followed by a small decrease to −150 mV.  At 100 ns the
transients increase again to a second maximum of −170 mV.  The
fast increase to the high maximum values of −160 mV  indicates
a strong band bending downwards at the CuIn3Se5/C60 interface
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sig. 11. Ratios of the modulated SPV spectra of CuInSe2 thin ﬁlms coated by organ
ith  the modulated SPV spectra of ZnPc (a) and C60 (b) organic layers on ITO/glass 
rom the CuIn3Se5 side. This causes a fast electron drift towards
he CIS:Na/C60 interface. At this interface, the electrons are injected
nto the C60 layer. This process is temporally delayed and leads to
 second increase at 300 ns.
For sample CIS/C60, the transient at 1500 nm shows the same
rend as for samples CIS/ZnPc and CIS, which is therefore also
ttributed to generation of charge carriers in the CuInSe2 bulk. The
ransients at 1100 nm and 710 nm also show a fast negative increase
o a value of −40 mV  within 30 ns followed by a drop and a second
ncrease to a maximum value of −150 mV.  The fast positive signal
an also be here attributed to a downward band bending at the
uIn3Se5/C60 interface which leads to a strong electron drift from
he CuInSe2 layer to the interface. A time delayed electron injection
nto C60 layer leads to another increase within 3 s.
For the evidence of exciton dissociation at the CuInSe2/organic
ybrid interface, the modulated SPV spectra of the CuInSe2 thin
lms covered by C60 and ZnPc layers were divided by the SPV spec-
ra of the bare CuInSe2 layers. The results are shown in Fig. 11
ogether with the modulated SPV spectra of the reference ITO/ZnPc
nd ITO/C60 samples, respectively. The proﬁle of the ZnPc spec-
rum can be clearly distinguished in the ratio spectra of both CIS
nd CIS:Na samples. This indicates an absorption in the ZnPc layer
nd an exciton dissociation at the CuInSe2/ZnPc interface followed
y a hole injection into the CuInSe2 layer. This is in accordance
ith the features observed in the transient measurements where a
trong negative increase at 710 nm takes place. Note that the wave-ers (CIS/org. and CIS:Na/org.) and bare CuInSe2 ﬁlms (CIS, CIS:Na) shown together
ates.
length of 710 nm lies in the maximum absorption range of ZnPc.
For samples with C60 layers, no ﬁngerprints of the C60 absorption
spectrum can be seen in the ratio spectra computed for the CIS and
CIS:Na samples. This behavior is similar to that observed for the
transients of the CuInSe2/C60 sample where no differences between
the transients at 1100 nm and 710 nm can be observed. Because the
wavelength of 710 nm lies in the absorption range of C60, a contri-
bution from C60 absorption spectrum should be recorded as a result
of generated excitons in C60 and then dissociated at the CIS/C60
interface. However, as this is not observed, we conclude that C60
only causes a strong band bending at the CuInSe2 site, promoting
an electron transfer from the CuInSe2 thin ﬁlm into the C60 layer.
No exciton dissociation takes place at the CuInSe2/C60 interface due
to an unfavorable band alignment for a transfer of holes from C60
into the CuInSe2 layer.
4. Conclusions
The chemical composition and electronic properties of the sur-
face of CuInSe2 thin ﬁlms (untreated and sodium conditioned) were
investigated by XPS and UPS spectroscopies, respectively. The XPS
measurements revealed a copper depleted surface phase of a sto-
ichiometry close to that of CuIn3Se5 for both types of samples. By
means of UPS measurements, a work function of 4.3 eV was deter-
mined for untreated CuInSe2 thin ﬁlms while a value of 4.1 eV was
determined for sodium treated CuInSe2:Na samples. The relatively
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ipoles.
Charge transfer and exciton dissociation at hybrid interfaces
etween CuInSe2 thin ﬁlms and ZnPc or C60 layers have been
tudied by modulated and transient surface photovoltage measure-
ents. The SPV measurements on sodium treated CuInSe2 thin
lms showed that the electrons generated in the p-type CuInSe2
ulk and the n-type CuIn3Se5 surface region drift in opposite direc-
ions at the CuInSe2/CuIn3Se5 interface. For sodium free CuInSe2
hin ﬁlms, the SPV transients demonstrated an upward band bend-
ng in the CuInSe2 ﬁlm at the CuInSe2/CuIn3Se5 interface, leading
o an electron drift towards the bulk. For CuInSe2 samples coated
y ZnPc, a further depletion of the CuIn3Se5 surface region was
bserved. In addition, an exciton dissociation at the CuIn3Se5/ZnPc
nterface and a hole injection in the CuInSe2 layer was  noticed. For
uInSe2 thin ﬁlms covered by C60 layers, a strong downwards band
ending at the CuIn3Se5/C60 interface was detected. Additionally,
n electron transfer from the CuInSe2 thin ﬁlm into the C60 layer
as concluded. However, no evidence for an exciton dissociation
t the CuInSe2/C60 interface was found.
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